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Abstract. Hardness measurements for energetic and reference inert crystals are assessed

on a dislocation mechanics basis.

The dislocation pile-up avalanche model for hot spot

development is applied to explanation of crystal size dependencies in drop-weight impact,

particle compaction, combustion, and shock experiments.

Shock sensitivity

measurements for energetic materials show an added complication of initiation pressures
being generally higher than those required for phase transformations in the solid state.

Introduction

The potential brittleness of solid energetic
materials, whether in the form of individual
crystals or as ingredients within a heavily-filled,
plastic-bonded explosive (PBX), has led to
hardness testing as a useful method of determining
the role of plastic flow, particularly in the form of
dislocation pile-ups, in causing consequent
cracking and  fracturing." The  hardness
applications have been greatly enhanced by the use
of nano-indentation testing methods and analyses.
And, for a number of energetic and reference inert
crystals, the occurrence of localized heating that
results from obstacle-cracking release of pile-ups,
then as concentrated dislocation avalanches,
provides connection with the “hot spot” model
historically established as a necessary requirement
for the initiation of explosive decompositions.”

In the present report, key measurements and
model evaluations are developed consistent with

the foregoing hot spot mechanism to include: (1)
verification of relatively higher (hardness-
determined) strength levels being exhibited
normally by crystals of high explosives; (2)
elucidation of the dislocation pile-up mechanism
of crack formation and temperature-rise-associated
avalanching; (3) predicted crystal size dependence
determined in drop-weight impact sensitivity
experiments, also, involving predictive Arrhenius-
type constitutive equation behavior; and, (4)
extension to similar crystal size dependencies for
particle compaction, combustion, and composite
material shock results, with associated concerns
for contiguous particle contacts and inter-particle
porosities. Of special note at the greater strain
rates produced in shock and isentropic
compression tests of energetic and related
materials is the additional complication shown of
the operative pressures being greater than those
required for phase transformations in the solid
state.



Elastic, plastic, cracking behaviors

30 T T T T T T T T T T T
(]

P 4

Hardness comparison for R
/D =124 mm
g
.

elastic, plastic and cracking behavior

/
%

o $Mg0 3

’/’qc {110} cracking

/" D=6.35mm 1
s

T T

T
\,
\,

/ / Cc
/ L0 D=1.59mm e
;

Hertz elastic e /

o -ecurves o LF

T T
(o1l

® HMX

Hardness stress, GPa

.
N
N
N
N
N
N
N
.
N
N
8
S
N
N
.
N
Ny
A\
4
d
X
s
g B
Q
-3
3
o
L]
0
o
x

04

0.01

b
0.005 L
0.001 0.01 0.1
D
Strain, (indentation dia./ball dia.)

o

Fig. 1. Stress — strain curves for energetic and inert
crystals based on a continuous indentation test.

In Fig. 1, the hardness stress, 6y, is the applied
load divided by the projected circular area of
contact, or its equivalent; and, the strain is the
equivalent contact diameter, d, divide by the ball
diameter, D. At (d/D) = 0.375 are plotted the
Vickers hardness numbers (VHN’s) determined
for a number of crystals.'

The linear Hertz elastic lines follow the
equation
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In eq. (1), vs, Es and vp Ep are the Poisson’s ratio
and Young’s modulus for the specimen and ball,
respectively. The hardness cracking stresses, oc,
are shown on the elastic loading lines in
accordance with the indentation fracture
mechanics (IFM) equation
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In eq. (2), y is the crack surface energy and (x,° +
k,’) =2 x 10°. The top-most D value associated
with o for MgO is determined as an equivalent
value for the average VHN measurement; and, the
effect of increasing D on lowering o¢ is shown at
the marked D = 6.35 mm value.’

Of importance in Fig. 1 is a comparison of the
shown hardness measurements for RDX and the
continuous stress - strain curve and confirming
VHN measurement for NaCl. The lower Hertzian
curve for RDX shows its molecular bonding to be
elastically more compliant, as expected, but the
higher RDX hardness is a result of difficult
dislocation shear displacements across interleaved
molecules within the orthorhombic crystal lattice.*
And, the lower o of RDX at the same D = 1.59
mm value is indicative of easier cracking. Thus
RDX, typical of high explosive molecular crystals,
is shown to be elastically soft, plastically hard, and
brittle. Also, the smaller increase from o to o¢ for
RDX is indicative of a smaller range in stress
being available for dynamic loading. The
consideration relates to the correlation of hardness
and impact sensitivity measurements.
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Fig. 2. Hardness stress — strain results for AP.>”

Another comparison is shown in Fig. 2, this
time, of continuous loading curves determined in
nano- and macro-indentation tests performed on
AP (oxidizer) crystals; see in Fig.1 the VHN point
for AP. In Fig. 2, the upper nano-indentation



curve has been obtained through use being made
of the Berkovich indenter having a rounded tip. A
value of D = 579 nm was determined for the initial
Hertzian dependence of load, P, on elastic
penetration depth, 4., in accordance with the
relation

D=(9/8)P’E,’h,~ &)

In eq. (3), a value of Ex = 20.5 GPa applies for the
reciprocal bracketed factor in Eq. (1). The linear
Hertzian dependence was computed with d, =
\(2h.D) in the evaluation of (d,/D) and o..

At (d/D) = (0.13) in Fig. 2, a maximum
elastic contact stress of o, = 1.14 GPa was
obtained for (%, P) = (5 nm, 5.2 uN), the point of
first “pop-in” of plastic deformation. The next
open circle point on the stress — strain curve was
obtained at the same constant load value but now
by obtainment of a larger dp = 2V{([h/N2] +
Ahp)(D — h,)} in which 4hp = h, — h,y and h, is the
total penetration depth. The following pop-in
(filled and open circle) points were computed on
the basis of taking Ahp = Ah, At the crossed
overlapping sharp rise in plastic hardness points
and downward pointing triangle points, the
hardness computations are somewhat uncertain
because of the indenter shape transition from a
spherical tip to the designed triangular pyramid.

In Fig. 2, the typically higher nanoindentation
curve is attributed to the indenter sampling a
locally defect-free crystal volume. The lower
macroscopic loading curve shown for D = 1.5875
mm is matched with the upward pointing triangle
point for a VHN measurement.®” In this case, the
elastic loading deformation is seen to be negligible
and there is agreement with the micro-indentation
hardness measurement. The sharp drop in stress at
(d/D) ~ 0.8 was caused by cracking.

Figure 3 is shown for dislocation model
connection with hardness indentations spanning
the nano-, micro-, and macro-scales. A Vickers
impression is shown for an (001) MgO crystal
surface in which the indentation alignment
matches nicely with the operative slip and
cracking systems. Indentation-forming screw
dislocation pile-ups are shown to spread first along
the <100> directions and produce troughs in the
raised picture-framed surroundings that, in turn,
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Fig. 3. Dislocation {110}<110> slip displacements
produced at an aligned Vickers hardness indent
made on a cleaved (001) MgO crystal surface.

require stress concentrations from intersecting
dislocation pile-ups along diagonal internal <111>
directions to produce cleavage cracking on the
difficult vertically-standing {110} planes."* The
described dislocation and cracking mechanisms,
that were primarily worked-out from dislocation
etch pitting and x-ray topography results, have
been analogously demonstrated to apply also for
indentations made on AP and RDX crystals.*°
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Fig. 4. Hardness and IFM crack size measurements
for Vickers-indented MgO and RDX crystals.'®"



Figure 4 shows a comparison of MgO and
RDX cracking results as determined on an IFM
basis in which the tip-to-tip diagonal crack lengths
should follow a log/log (3/2) dependence while a
constant hardness would follow a 2.0
dependence.””  The results have been interpreted
to show that MgO is substantially weakened by
pile-up induced cracking while RDX needs less
stress concentration because of its intrinsic
brittleness.

Dislocation mechanics

Lattice-dependent dislocation modeling has
been performed for a [100] slip direction on (040)
and (02-1) slip planes in RDX and for [10-1](101)
twinning in HMX.* On such basis, dislocation
movement was shown to be difficult consistent
with reported experimental measurements. The
intermolecular blockages to dislocation shear in
RDX have been related to nitroso-compound
reactions detected in drop-weight impact tests
under near-initiation condition. Heterogeneous
nucleation of dislocations on the listed RDX slip
planes has been reported for molecular dynamics
model calculations of a Rankine-Hugoniot-defined
shock pressure of ~1.5 GPa  applied to [111]-
oriented crystals, and to be followed by
homogeneous nucleation of dislocations on (001)
planes at a pressure of ~1.8 GPa. '* At an even
higher pressure of 9.7 GPa applied in an [001]
direction onto an (100) oriented crystal, the
occurrence of shear banding was found to occur at
45° to [100] in the [010] zone. The results are of
interest here because the a-RDX to y-RDX phase
transformation occurs at ~3.8 GPa at ambient
temperature and the 0-RDX to f-RDX occurs at
the same pressure at ~225°C."

Whereas the relative difficulty of dislocation
movement is established for energetic crystals, not
unlike the somewhat differently explained case for
many ceramic materials, an assessment of the
extent of localized heating that can be generated
by deformation was shown to require the
concerted action of multiple dislocations, as for
cracking, and even then, the movement must occur
rapidly.”  Figure 5 shows a schematic model
description whereby both temperature rise
requirements are met.
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Fig.5. Schematic pile-up formation and avalanche.

In Fig. 5, steps (a) and (b) are the normal ones
involved in establishing an inverse square root of
grain size, £, dependence for the cleavage stress,
oc, in the well-known Hall-Petch equation
containing experimental constants, oyc and k¢

Cp =0y +k ™" 3)

It’s the post-cracking step in Fig. 5(c) that
provides a concentrated-stress-driven, high-rate
performance of plastic work and accompanying
production of localized heating which leads to a
hot spot” And, an important clue in the
development of the pile-up avalanche model had
been provided by the observation, indicated in Fig.
5(d), that hot spot sensitive materials were ones
exhibiting discontinuous load drops in their
deformation responses to drop-weight impact
loading.'®

A model description of such hot spot initiation
led to the relationship, appropriate to energetic
material properties, of
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ATﬁkSg ( 20 j @

167 \c*bK

In eq. (4), AT is the hot spot temperature rise, v is
the stress-dependent dislocation velocity, c* is the
specific heat at constant volume, b is the



dislocation Burgers (displacement) vector, K is the
thermal conductivity, and ks = ko/m in which m is a
Taylor orientation factor. Upper limiting
estimations of temperature rises and hot spot
lifetimes were reported for a number of energetic
and metallic materials under the condition of
dislocations moving at the elastic shear wave
speed.!” Otherwise at normal impact loading
conditions, the dislocation velocity follows an
Arrhenius-type dependence expressed as

G, - I Ab[drrh ]
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B

In eq. (5), vy is the reference dislocation velocity,
G, is the Gibbs free energy, 4 is the dislocation
activation area under shear stress, 77, and kg is
Boltzmann’s constant. Equations (4) and (5) were
combined with the conditions of 4b = W/ty, and
tm=Hs,™™, in the latter case in which Hs, is the
drop-weight height for 50% probability of
initiation, to predict a greater temperature rise
associated with deformation of larger crystals, as
indicated by the proportionality relationship'®
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Fig. 6. Drop-weight height, Hs,, dependence on
02, the reciprocal square root of crystal size.'®

Fig. 6 shows application of the relationship to
measurements made on RDX and CL-12 materials.
In the figure, an increase in Hsy by an approximate
order of magnitude is achieved for RDX by a two-
order of magnitude reduction in £ from ~ 1.0 mm
to ~ 10 um. Also, the originally reported ordinate
and abscissa scales that are indicated now by the
internal dashed boundary lines have been extended
for possible indication of the results that may be
achievable at nano-scale particle sizes.'’

Further consideration has been given to
evaluation of the hot spot temperature rise in terms
of computing the work done by the individual
dislocations as they speed away from a collapsed
obstacle.” For the adiabatic case,

ﬁ N
AT = (mj; T[,efoiAti (6)

In eq. (6), f ~ 1.0 is a conversion factor for the
transformation of plastic work to heat and ;. is
the effective stress acting on the i dislocation
with velocity, v;. Thus, the hot spot temperature is
higher for reason both of a concentrated shear
stress, Ti.fr, acting on each dislocation that travels
at an enhanced v; also because of its locally
concentrated higher stress, as determined by eq.
(5). Figure 7 shows a comparison of pile-up
avalanche results with corresponding thermal
explosion temperatures.
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Fig. 7. Comparison of predicted RDX and PETN
crystal initiations on pile-up avalanche and thermal
explosion model calculations.



For the comparison purpose shown in Fig. 7,
the thermal hot spot size has been taken equal to
the separation of the two dislocations compressed
at the tip of the pile-up.”® On this basis, larger
crystals are seen to undergo initiation at lower
temperatures, consistent with the results in Fig. 6.
And, PETN, because of its greater sensitivity to
thermal explosion, is seen to be mechanically more
sensitive than RDX, at the same crystal size.

Particle compaction

Beyond the individual crystal and particle
effects described above, mechanically-induced
compaction of energetic particle systems has been
investigated under both static and dynamic loading
conditions by making use of Hertzian hardness-
type particle-to-particle contact theory, not
unrelated to the results contained in Fig. 1. %' In
the first case, a model for particle system
densification was developed for a number of
spherical ball propellants as shown below for the
example in Fig. 8.
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Fig. 8. Modeled description of pressure, p, vs.
solid fraction, SF, for compaction results obtained
on two solid ball propellant materials; Py is the
hardness-determined yield pressure and fgc is the
solid fraction arranged in a simple cubic lattice.”’
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Fig. 9. Adaptation of modeled piston speed during
compaction on the sustained combustion of
spherical RDX particles of radius, R.**"”

In Fig. 9, that applies for the consideration of
loading rate on granular compaction of an HMX
particle system, a linear reciprocal particle
diameter effect, 2R = £, might be expected on the
basis of the piston velocity being taken
approximately proportional to the material strain
rate; see eq. (5). And, the distinction is clearly
demonstrated that sustained combustion required
full intergranular yielding of the particle bed.
Other compaction results obtained on HMX and
related energetic material particles show
additionally, even under quasi-static conditions,
that particle fracturing occurred, particularly of
larger sized particles fracturing more easily as
indicted in Fig. 1 and eq. (3).” An expectation of
strength dependence on the logarithm of strain rate
was confirmed for compaction of an RDX porous
bed.”

Most recently, investigation at greater burn
rates within a high-pressure strand burner or
diamond anvil cell of the deflagration-to-
detonation transition (DDT), thus leading to shock
considerations, has shown important discontinuous
increases in burn rates both for HMX and RDX
particle systems in association with solid-state
phase transformations occurring at measured
pressures of ~7 GPa.” The result relates to a
pioneering report of the B-to-d transformation in
HMX being associated with the occurrence of



cracking below the surface of burning crystals and,
thus, being of concern with respect to uncontrolled
reactions.”® A lesser effect occurred for smaller
crystals, again in agreement with the type of size
effect being described in the present report.

Shock results

The hot spot model for PBX’s has been
reviewed very recently with respect to obtaining a
better understanding of energetic material
properties under shock conditions, say, at
pressures in the range 2.3 < P < 7.0 GPa for an
HMX-containing PBX 9501 formulation.”” Such
shock studies are generally conducted under
pressures far above the stress levels causing plastic
deformation and cracking of the energetic
constituents even with incorporation of local stress
enhancements from porosity and particle-to-
particle contiguity concerns.”® In this sense, the
shock-type behaviors of energetic materials and
their formulations are more complicated than those
of reference inert metal and certain ionic materials,
for example, as illustrated in the latter case by
dynamic x-ray diffraction results obtained on an
MgO crystal laser-shocked along the [100]
direction to produce simple one-dimensional
compression up to a strain of 0.046.%

Figure 10 shows a view of such laser-shocked
complication for cracking occurring first in the
orthorhombic phase and then followed by finer
cracking in the cubic phase of an AP crystal.*’

E 20 ym

Fig. 10. [001] laser-shocked AP crystal.*’

As identified in the scanning electron
microscope (SEM) image in Figure 10, a striped
array of relatively larger scale (0-10) and (-2-10)
cracking occurred in the ambient temperature
orthorhombic phase before {100} cracking, typical
of the rocksalt crystal structure, occurred because
of the pulsed-laser action. Chlorate decomposition
was established via x-ray photoelectron
spectroscopy (XPS) measurements, and sub-
surface reaction sites were able to be identified in
atomic force microscope (AFM) images. Beyond
development of a dislocation reaction description
for the observed cracking, a model-based
explanation was given for the influence of the
hydrostatic stress-state of the reacted dislocation-
cracks on promoting hollow sub-surface
decomposition sites that were observed in AFM
images. The model description was associated
with an earlier account of “more gentle” laser-
induced melting and associated cracking
observations made on an RDX crystal surface.’'

Thus, in relation to drop-weight impact test
results obtained at highest pressures of < 1 GPa, as
shown for the results in Fig. 6, significantly greater
shock pressures, also above phase transformation
levels, are associated with even pre-detonation
results obtained on both energetic crystals and
their material formulations.””> ** **  Such a
comparison is adapted in Fig. 11 from a study of
particle size and crystal quality on shock initiation
via Insensitive High-Explosive Gap Test (IHEGT)
pressure  measurements reported for two
RDX/HTPB formulations.**
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In Fig. 11, the 50% initiation pressures are
shown for formulations incorporating differently
sieved, essentially mono-modal, either insensitive
RDX (I-RDX) or ultra-pure moderately insensitive
(MI-RDX) particles. As evident, significantly
different particle size effects were observed in the
two cases, with the MI-RDX/HTPB formulations
having particles exhibiting more surface defects
and somewhat different particle morphologies.
Examination of the two particle types by nuclear
quadrapole  resonance (NQR) spectroscopy
revealed a much greater overall defect density
within the MI-RDX material; and, the combination
of overall internal and surface defect density in the
MI-RDX material was concluded to account for
the severally shown lower initiation pressures.

Very importantly, the shock sensitivity results
in Fig. 11 provide for a comparison to be made at
pressure levels spanning the range of static and
dynamic values of concern in the present report.
Such shock pressures are known to be connected
to compressive stresses through the relationship

1-v
p- 7
0[1—2vj @

With P ~ 2¢ from eq. (7), and ¢ ~ oy/3, with oy
taken as 24 MPa from Fig. 1, a value of P ~ 16
MPa is plotted near to the origin of the ordinate
axis in Fig. 11 to approximate to the static
hardness pressure for deformation of an RDX
crystal. In turn, the MI-RDX shock sensitivity
results are seen to span the range in pressure from
an essentially static hardness pressure for plastic
flow and much higher pressures, eventually rising
above the o-to-y transformation at ambient
temperature.  As mentioned above, near to the
same pressure but at somewhat higher
temperature, either o or y transforms to p."

The ultra-pure quality of the MI-RDX
constituent suggests the possibility that the below-
phase-transformation shock sensitivity results
might be determined by generation of hot spots via
the mechanism of dislocation pile-up avalanches.
For this reason, eq. (4) has been adapted to provide
the relationship shown graphically as

% 2
P:2mB(C bKJ 167AT ([1/2)2 ®)
2 kg

In eq. (8), P ~ 2mt ~ v/B ~ 0.38 ¢ for assumed
drag control of dislocation velocities at these high
pressures and for which B is the drag coefficient.
Thus, according to the present suggestion, the
lower MI-RDX formulation may be initiated by
dislocation pile-up avalanches occurring at the
indicated sub-phase-transformation pressures.
Comparison can be made also with the
pressure dependence on particle size shown for the
shock sensitivity results above the phase
transformation. The I-RDX results are fitted to

P=43.4+0.065/"" Q)

With P ~ 2mz, a value of kp ~ 0.048 GPa.mm'? is
evaluated based on a previous estimation'” of kg ~
0.0077 GPa.mm'’.  Agreement with the
experimental kp = 0.065 GPa.mm'? is surely
fortuitous because order of magnitude agreement

should be expected at best.

Conclusion

Energetic material hardness, drop-weight impact,
particle compaction, combustion, and shock results
are connected positively with dislocation
mechanics and phase transformation behaviors.
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